During Drosophila metamorphosis, the 'early-late' genes constitute a unique class regulated by the steroid hormone 20-hydroxyecdysone. Their induction is comprised of both a primary and a secondary response to ecdysone. Previous work has suggested that the epidermal expression of the dopa decarboxylase gene (Ddc) is likely that of a typical early-late gene. Accumulation of the Ddc transcript is rapidly initiated in the absence of protein synthesis, which implies that the ecdysone receptor plays a direct role in induction. However, full Ddc expression requires the participation of one of the transcription factors encoded by the Broad-Complex. In this paper, we characterize an ecdysone response element (EcRE) that contributes to the primary response. Using gel mobility shift assays and transgenic assays, we identified a single functional EcRE, located at position 297 to 283 bp relative to the transcription initiation site. This is the first report of an EcRE associated with an early-late gene in Drosophila. Competition experiments indicated that the affinity of the Ddc EcRE for the ecdysone receptor complex was at least four-fold less than that of the canonical EcRE of the hsp27 gene. Using in vitro mutagenesis, we determined that the reduced affinity of the EcRE resided at two positions where the nucleotides differed from those found in the canonical sequence. The ecdysone receptor, acting through this EcRE, releases Ddc from a silencing mechanism, whose cis-acting domain we have mapped to the 5 0 -upstream region between 22067 and 21427 bp. Deletion of this repressive element resulted in precocious expression of Ddc in both epidermis and imaginal discs. Thus, epidermal Ddc induction at pupariation is under the control of an extended genomic region that contains both positive and negative regulatory elements. q
Introduction
During metamorphosis in Drosophila melanogaster, obsolete larval tissues are either histolyzed or re-organized into adult structures, many of which develop from the clusters of progenitor cells known as imaginal discs. These diverse fates are triggered by pulses of a single developmental cue, the steroid 20-hydroxyecdysone, hereafter referred to as ecdysone (for review, see Thummel, 1996) . Detailed studies of the puffing patterns of the larval salivary gland polytene chromosomes form the basis of a model for ecdysone action proposed by Ashburner et al. (1974) ). In their model, the hormone complexed with a receptor, directly and rapidly induces at least a half dozen 'early' puffs. The products of these early puff genes were postulated to encode regulatory proteins that both repress their own expression and induce a large set of secondary-response or 'late' puffs by overriding their receptor-mediated repression. These late gene proteins comprise the tissue-specific response of the target cells to the steroid. Many features of this model have been confirmed by more recent molecular studies. The functional ecdysone receptor consists of two members of the Drosophila nuclear receptor family: EcR (Koelle, 1992) and USP (ultraspiracle; Yao et al., 1992) , the Drosophila homologue of the retinoic X receptor (RXR; Oro et al., 1990) . So far, five early genes have been characterized at the molecular level, the Broad-Complex (BR-C), E23, E74, E75 and E63-1 (Burtis et al., 1990; Segraves and Hogness, 1990; DiBello et al., 1991; Andres and Thummel, 1995; Hock et al., 2000) . Consistent with their proposed regulatory function, all the early genes except E23, encode proteins structurally related to transcription factors. With the exception of E63-1, which is found exclusively in the salivary gland, the early gene products are found in most tissues of the organism, suggesting that the ecdysone hierarchy, described in the Ashburner model, operates in all the ecdysone target tissues.
Despite the fact that the main components transducing the ecdysone response have already been identified, little is known about the molecular mechanism by which this single hormone elicits so large a variety of temporal-and spatialspecific responses during development. It has been shown that EcR encodes three subforms that have different tissue and stage expression profiles (Talbot et al., 1993) , and that USP can be differentially phosphorylated (Song and Gilbert, 1998) . Thus, at least part of the tissue-and stage-specific responses to ecdysone could be dictated by modulations in the expression and activity of the receptor proteins. The EcR/USP heterodimer activates transcription through ecdysone response elements (EcREs) (Riddihough and Pelham, 1987; Cherbas et al., 1991) . These sites harbor a 15-bp imperfect palindrome composed of two hexameric halfsites separated by one central nucleotide. They present homology with inverted repeats of the motif PuG(G/ T)TCA, known to be target sites for vertebrate nuclear receptors. However, the palindromic binding sites admit large sequence variation and can be very degenerate. In fact, they can even be composed of directly repeated halfsites (Antoniewski et al., 1996; Crispi et al., 1998) . This suggests the specificity of the hormonal response could also lie in a wide repertoire of EcRE elements having different properties.
Interestingly, the late gene class has been further differentiated into early-late and late genes on the basis of hormone withdrawal experiments (Ashburner and Richards, 1976) . The early-late genes appear to share properties with both the early genes and late genes (Stone and Thummel, 1993) . For their full induction, a primary response to ecdysone and a secondary response to an early gene product are required, evidenced by the finding that inhibition of protein synthesis in the presence of ecdysone reduces but does not eliminate their transcription. A good example of the earlylate gene class in Drosophila is Ddc. The gene encodes dopa decarboxylase (DDC), an enzyme that catalyzes the decarboxylation of dopa to dopamine and 5-hydroxytryptophan to serotonin (Dewhurst et al., 1972; Wright et al., 1976; Livingston and Tempel, 1983) . DDC is expressed in a stage-and tissue-specific manner (Kraminsky et al., 1980; Beall and Hirsh, 1987; Konrad and Marsh, 1987) . Most of the DDC activity (.90%) is found in the epidermal cells where dopamine metabolites promote pigmentation and cross-linking of the cuticle. Some DDC activity (about 5%) is also found in the central nervous system where it produces dopamine and serotonin, which serve as neurotransmitters. The level of Ddc activity remains relatively constant in the central nervous system (CNS) throughout development, but peaks of activity are observed at each of the five molts in the epidermis (Kraminsky et al., 1980) . At pupariation, Ddc transcripts increase rapidly following the exposure of hormonally naïve epidermis to exogenous ecdysone. The increase can be explained as the sum of a direct steroid effect, independent of protein synthesis and an indirect effect, dependent on proteins synthesized after an increase in the hormone titer, since inhibitors of protein synthesis reduce Ddc levels substantially from control levels (Clark et al., 1986) . The protein required for full Ddc induction is encoded by the BR-C. The BR-C encodes four isoforms, Z1-Z4 (DiBello et al., 1991; Bayer et al., 1996) . Genetically, the BR-C locus contains three complementation groups: broad (br), reduced bristles on the palpus (rbp), and 2Bc as well as a group of non-pupariating (npr1) alleles that are phenotypically indistinguishable from deletions of the locus (Kiss et al., 1988) . Although there is not a simple correlation between the BR-C proteins and genetic function as defined by the intragenic complementation pattern, it has been observed that the br 1 function is provided solely by the Z2 isoform (Bayer et al., 1997) . The observation that mutations in the br sub-complementation group of the locus reduce Ddc mRNA levels and enzyme activity at pupariation O'Keefe et al., 1995) implicated the Z2 isoform in the secondary response component of Ddc induction.
In this paper, we focused on defining the molecular mechanism underlying the primary response component of Ddc induction in the epidermis of mature larvae. Ddc regulatory elements essential for proper expression in the larval epidermis have been mapped within the 5 0 -flanking region by deletion analysis (Scholnick et al., 1983; Hirsh et al., 1986; Beall and Hirsh, 1987; Mastick and Scholnick, 1992) . These studies concluded that no sequences upstream of an EcoRV site at 2215 bp (now re-positioned at 2208 bp) were required for proper epidermal expression. Downstream of 2208 bp, two overlapping elements lying between 2106 and 283 bp were shown to contribute significantly to induced levels of DDC at pupariation ). Here we report that one of these, element III, comprises part of a functional EcRE that is necessary for the rapid early response to ecdysone. In addition, we present the first evidence that an element controlling epidermal Ddc lies upstream of 2208 bp. Transgenic flies carrying variously deleted upstream regions allowed us to locate a silencing domain between 21427 and 22067 bp that represses Ddc until the time at which the newly secreted cuticle must be hardened.
Results

Expression of Ddc is blocked in the EcR-B1 mutant
Previous studies have shown that the epidermis, the site of the majority of DDC production at pupariation, predominantly expresses the EcR-B1 protein isoform at this stage (Talbot et al., 1993) . This is consistent with the fact that EcR-B1 mutant organisms fail to sclerotize their cuticles (Bender et al., 1997) . This prompted us to ask whether the steady-state level of Ddc transcription at pupariation in these organisms was affected. Two mutations (EcR
Q50st
and EcR W53st ) are specific to the EcR-B1 isoform (Bender et al., 1997) . Both generate stop codons that lie within the EcR-B1-specific exon and are predicted to produce EcR-B1 proteins truncated after only 49 (EcR Q50st ) or 52 (EcR W53st ) amino acid residues. The EcR-B1 mutant larvae and their wild-type siblings were collected 1 h after clearing their guts of the blue food. Most of these organisms had everted their spiracles, an early event in the process of pupariation.
Total RNA was isolated and the levels of Ddc mRNA were determined using a reverse transcription-polymerase chain reaction (RT-PCR) assay. The amplified cDNA products, the quantities of which were directly proportional to the amount of input Ddc mRNA, were visualized on an agarose gel (Fig. 1) . The wild type organisms showed high levels of Ddc mRNA, accompanied by the normal sclerotization process that occurred at this time. However, both the EcR-B1 mutant organisms showed an almost complete lack of Ddc mRNA, consistent with the non-pupariating phenotype of these mutants. The low level of transcript seen in the mutants is not the neural form, since the primers were designed so that the epidermal and neural splicing variants were different in size . The failure to detect the larger neural transcript in these larvae is consistent with our earlier work and we ascribe its absence to the very small amount of neural tissue in whole organisms, compared to the amount of epidermis.
Receptor binding to a putative EcRE
The above result clearly demonstrated that the EcR-B1 isoform participates directly or indirectly in the induction of Ddc at pupariation. Since a direct effect would be mediated through an EcRE located in the Ddc genomic region, we used DNAMAN (Lynnon BioSoft, Inc.) to identify potential EcREs in the Ddc 5 0 -flanking region by their similarity to a consensus ( Fig. 2A ) derived from published EcRE sequences (Cherbas et al., 1991; Antoniewski et al., 1993; Vögtli et al., 1998) . Among several other possible candi- Fig. 1 . Comparative RT-PCR analysis of Ddc expression in EcR-B1 mutant and wild type organisms at pupariation. Total RNA was isolated from sample organisms and then reverse transcribed and amplified using Ddcspecific and rp49-specific primers. The expression levels of Ddc mRNA (arrow) and rp49 mRNA (arrowhead) in mutant (2) and wild-type (1) progeny organisms from the indicated EcR-B1 parental alleles are shown. The wild-type organisms were a mix of two different heterozygotes, as shown by the crossing scheme given in Section 4. M, marker DNA. Ddc sequence from 297 to 283 bp is compared to a consensus EcRE derived from previous work (Antoniewski et al., 1993; Cherbas et al., 1991; Vögtli et al., 1998) , and to the hsp27 EcRE (Riddihough and Pelham, 1987) . Base positions within the palindromic repeat structure are indicated by lines above the consensus. R: purine; Y: pyrimidine; K: G or T; V: A or C or G; M: A or C; and N: any nucleotide. Element III ) is underlined within the Ddc EcRE. Point mutations used in later experiments were introduced into the Ddc EcRE 297 and are shown in small case. (B) Genomic sequence comparison between D. melanogaster and D. simulans of the region containing EcRE 297 . The EcRE in both species is highlighted and mismatches are shown in bold case. The transcription start site from D. melanogaster ) is indicated with an arrow.
dates, an imperfect palindrome, located between 297 and 283 bp relative to the Ddc transcription start was the best match to the consensus sequence (12 of 15 bases, Fig. 2A ). We shall refer hereafter to this palindrome at position 297 as EcRE 297 . Between -97 and 283 bp are the overlapping homology elements IIB and III . Element III (underlined in Fig. 2A ), a 9 bp sequence which contains a half-site of the putative EcRE, is perfectly conserved between the Ddc genes of Drosophila melanogaster and the distantly related species Drosophila virilis . We also used a pair of D. melanogaster specific PCR primers to amplify the corresponding promoter region from Drosophila simulans. Sequencing results showed that this 15-bp segment is perfectly conserved in D. simulans, despite many small changes between the motif and the transcription start site (Fig.  2B) . Deletion of the interval between 2106 and 283 bp significantly reduced hypodermal Ddc expression at pupariation . Hence, we set out to test the ability of EcRE 297 to bind the EcR/USP heterodimer using a gel mobility shift assay. The subunits of the EcR/USP were prepared by in vitro transcription/translation of cDNA clones of the EcR-B1 and usp genes (Yao et al., 1992) . As shown in Fig. 3 , the formation of a specific complex with the palindromic Ddc probe was strictly dependent on the presence of both EcR and USP in the binding reaction (compare lanes 3 and 4 to lanes 5-7). Increasing amount of the complex was observed as the amount of receptor protein increased from 1 to 3 ml (lanes 5-7). Inclusion of a 50-fold excess of unlabelled EcRE 297 (lane 8) or the hsp27 EcRE (lane 9) completely prevented the formation of a radio-labeled complex in the presence of 2 ml of receptor. The choice of this amount of protein to demonstrate the competition was arbitrary but since the probe is in excess, competition would be expected throughout the range of receptor amounts shown in the figure.
Ddc EcRE 297 exhibits a lower binding affinity for the receptor than does the canonical hsp27 EcRE
To characterize the binding capability of the EcRE 297 for the ecdysone receptor complex, we compared its relative affinity with that of the hsp27 EcRE. Varying concentrations of unlabeled, double-stranded EcRE oligonucleotides were tested for their ability to compete with a radio-labeled hsp27 EcRE probe for binding to the receptor complex (Fig. 4) . When the amount of radioactivity in the nucleo-protein complexes shown in lanes 1 and 2 of Fig. 4A was measured, we determined that a 25-fold excess of the specific unlabelled competitor reduced binding of the labeled oligonucleotide to 5% (Fig. 4B ). As lanes 3-6 show, addition of a 100-to 200-fold excess of unlabelled Ddc EcRE 297 was required to reduce binding to the 5% level. Under these conditions, a 200-fold excess of either a non-specific competitor (lane 7) or the mutated Ddc EcRE p shown in Fig. 2A (lane 8) produced no reduction in the binding. Taken together, the data in Fig. 5 indicate that the Ddc EcRE 297 exhibits a four-to eight-fold lower affinity in vitro than that of the hsp27 EcRE for the receptor complex.
Positions 15 and 16 in EcRE 297 are critical for receptor binding
EcRE 297 differs from the EcRE consensus at positions 11, 15 and 16 ( Fig. 2A) . Any of these nucleotide changes could be responsible for the reduced receptor binding affinity. Since the base pair at position 11 of the hsp27 EcRE palindrome can be mutated without effect on the EcR binding (Ozyhar and Pongs, 1993) , the base pair (T/A) at this position does not seem to form contacts with the receptor. The divergence of EcRE 297 from the consensus at position 15 was eliminated by substituting a C for the wild-type T in the Ddc EcRE 297 . The mutated sequence EcRE(15) was used as a competitor in a binding experiment conducted with the hsp27 EcRE as a probe (Fig. 5) . As before, a 25-fold excess of the unlabelled hsp27 oligonucleotide was sufficient to reduce the radiolabelled complex to 5% of its value in the absence of competitor (compare lanes 1 and 2), while 25% of the complex remained in the presence of a 100-fold excess of the Ddc EcRE 297 (lane 3). In contrast, by the time a 100-fold excess of the either Ddc EcRE(15) or Fig. 3 . Band shifts reveal co-operative binding of EcR and USP proteins to the EcRE 297 probe. A series of common bands (indicated by the dotted arrow) due to non-specific binding of a reticulocyte lysate protein (RT) to the 32 P-labelled probe is observed in all lanes. The specific EcR/USP complex is indicated by the solid arrow. Relative quantities of EcR and USP are indicated by 1 (1 ml), 1 1 (2 ml) or 111 (3 ml) of the same translation reaction.
Ddc EcRE(16) was reached, complex formation had been reduced to about 5% (lanes 6 and 9). Since the (15) (16) double mutant exhibited virtually the same competitive ability as the hsp 27 EcRE (data not shown), we conclude that the thymine and guanine at positions 15 and 16 in EcRE 297 together are responsible for its reduced binding affinity relative to the hsp27 element.
EcRE 297 is necessary for the induction of Ddc by ecdysone
To confirm that the binding of the ecdysone receptor complex to EcRE 297 is functional in vivo, we tested the effects of disrupting it with two kinds of mutations. First, an internal deletion was made in the ScaI-HpaI fragment (Fig. 6A ) and the EcoRV-TaqI fragment (Fig. 6B ) that removed the sequence between 297 and 283 bp. We recovered transgenic lines in which these altered upstream regions were used to drive lacZ expression. As shown in Fig. 7 , deletion of the EcRE 297 (lines P[Ddc-lacZ]SHDEcRE) caused a drop in b-galactosidase induction at pupariation from almost 18-fold to less than three-fold. We ascribe this small amount of residual induction to the involvement of the BR-C in Ddc regulation. The cis-acting element through which BR-C Z2 isoform acts has been mapped to a region upstream of the transcription start site between 21426 and 2383 bp (in preparation). As the figure shows, this three-fold increase in reporter activity seen over the period of early wandering was eliminated in transformed lines carrying P[Ddc-lacZ]ET-DEcRE, which are missing both components of the activating machinery. The nearly complete loss of induction seen in the receptor mutant (Fig.  1 ) may also be ascribed to the absence of both components of the activating machinery, due to the fact that BR-C is ecdysone inducible. Because of the precocious induction of the reporter in all P[Ddc-lacZ]ET lines (see below), the level of induction seen over the period of wandering in the control lines carrying P[Ddc-lacZ]ET was significantly less than was observed for the endogenous Ddc gene during this time (data not shown).
The second disruption of the EcRE 297 in the EcoRV-TaqI fragment involved introducing a cluster of five point mutations into its left half-site to create the mutated element, EcRE p ( Fig. 2A) . We did this because the deletion of the 297 to 283 bp region removed, not only the EcRE 297 , but also element IIB, which is required to repress Ddc expression in the glial cells . The five point mutations introduced into the left half site of EcRE 297 did not change the sequence of element IIB and the remaining data in Fig. 7 show that lines carrying the plasmid P[DdclacZ]ET-EcRE p likewise eliminated any induction during the wandering period.
Identification of a silencing element(s) whose loss results in premature Ddc expression
From previous work on transformants carrying deletions within the 5 0 -Ddc region, it was concluded that no regulatory elements necessary for normal hypodermal expression were located upstream of position 2208 bp relative to the Ddc transcription initiation site . However, when transformants carrying the reporter construct P[Ddc-lacZ]ET, in which lacZ expression was under the control of the EcoRV-TaqI fragment (extending from 2208 to 1839 bp) of the Ddc gene (Fig. 6B) , were examined, six lines with different chromosomal locations of the transgene all exhibited strong epidermal expression in the early wandering stage (Fig. 8A,E) . This was surprising in light of the fact that Ddc induction occurs near the end of wandering stage. The tissue specificity of this precocious expression was consistent with the tissue distribution of DDC seen in wild-type larvae. None of the lines showed reporter gene expression in muscle, fat tissue, salivary glands, gut or sex organs. The cuticle itself did not stain but the ordered array of epidermal cells attached to it expressed b-galactosidase activity. Although no detectable DDC activity is found in the wild-type larval discs before pupariation (Konrad and Marsh, 1987) , surprisingly, all of the lines showed expression of the reporter in imaginal . In line P[Ddc-lacZ]ET7, the eye disc behind the morphogenic furrow shows very strong lacZ expression (Fig. 8H ) but in its other discs (wing and leg for example, Fig. 8F,G) , the level of expression was similar to that seen in the lines just discussed. The precocious reporter activity seen in the discs of all these lines leads to the conclusion that the endogenous Ddc gene is silenced in epidermis and imaginal discs during the early third larval instar stage by an element(s) that lies outside of the EcoRV-TaqI fragment.
Further mapping of the silencer element
Although a detailed understanding of the silencing mechanism awaits further study, we have defined a 5 0 -flanking region that is sufficient to mediate repression. Reporter constructs were made in which 2067 (ScaI), 1426 (BsmI), or 382 bp (EcoRI) of upstream-flanking DNA was used to drive lacZ expression; all shared a common downstream endpoint at a 1174 HpaI site (Fig. 6A) . The silencing element was mapped by assaying reporter activity in transformed lines carrying each of the deletion-bearing constructs. Whereas all four of the transformant lines carrying either P[Ddc-lacZ]RH or P[Ddc-lacZ]BH showed precocious b-galactosidase acitivity in both the larval epidermis ( Fig. 9A,E ) and in the imaginal discs ( Fig. 9B-D ,F-H), the four lines carrying P[Ddc-lacZ]SH exhibited very little hypodermal staining in early wandering larvae (Fig. 9I ) and no disc staining (Fig. 9J-L) . To further confirm that the ScaI-BsmI region contains the silencing element, we subcloned this 640 bp fragment immediately upstream of the EcoRI-TaqI fragment (P[Ddc-lacZ]SH-DBR, Fig.  6A ) to test whether it could still repress the premature expression. Histochemical assays on the three lines obtained exhibited very little hypodermal staining in early wandering larvae and no disc staining (data not shown). Thus, the silencing element is located between 22067 and 21427 bp.
Discussion
In this paper, we present several lines of evidence for a direct role of the ecdysone receptor in Ddc induction. Biochemical and genetic data indicate that EcR-B1/USP heterodimer directly up-regulates Ddc expression at the end of larval life through an imperfect EcRE, EcRE 297 . Ecdysone-inducible genes are assigned to the early-late class based on their response to inhibitors of protein synthesis. All such genes exhibit some induction in the absence of protein synthesis, from which it has been inferred that they are direct targets of the ecdysone receptor. This inference is now confirmed by our data on EcRE 297 , the first EcRE identified for an early-late gene in Drosophila. Its existence explains the induction of Ddc mRNA by ecdysone in the absence of protein synthesis (Clark et al., 1986) , since the two components of the heterodimeric receptor, USP and EcR, are present before the increase in hormone titer that triggers Ddc induction (Andres et al., 1993) .
To date, a limited number of EcREs have been characterized as both in vitro binding sites for the EcR/USP heterodimer and in vivo functional hormone response elements (Riddihough and Pelham, 1987; Cherbas et al., 1991; Antoniewski et al., 1994 Antoniewski et al., , 1995 Lehmann and Korge, 1995; Crispi et al., 1998) . Most of the EcREs identified so far, including Ddc EcRE 297, are imperfect palindromes with a single intervening nucleotide. The palindromic EcREs are similar to the inverted repeats of the motif PuG(G/T)TCA, known to be target sites for vertebrate nuclear receptors (Mangelsdorf et al., 1995) . In contrast to vertebrate palindromes, however, the EcRE palindromes are degenerate, highly asymmetric, response elements. The two half-sites contribute differently to the binding of the heterodimer components; in particular, the 5 0 half-site exhibits substan- . Since USP exhibits approximately four-fold higher affinity for the 5 0 half-site than EcR, it has been suggested that USP may act as an anchor that preferentially binds the 5 0 half-site and allows the EcR/USP heteromer to assume a defined orientation within the promoter region (Niedziela-Majka et al., 2000) . This suggestion is supported by our finding that the cluster of point mutations introduced into the 5 0 -half site (EcRE p , Fig. 2A ) eliminated its ability to bind the receptor (lane 8, Fig. 4 ) and produced the same effect on reporter expression as a deletion of the entire element (Fig. 7) . The receptorEcRE contact sites occur predominantly at the positions 27, 26, 25, 22, 21 and 12, 15, 16 of the palindromic sequence and the base pairs at positions 23, 24 and 11, 13, 14 of the palindrome can be mutated without effect on the receptor binding (Ozyhar and Pongs, 1993) . The 5 0 halfsite of EcRE 297 matches the consensus perfectly but deviates from the consensus at positions 11, 15, and 16. The fact that positions 15 and 16 are contact sites with the receptor probably explains the reduced affinity of EcRE 297 for the receptor that we noted (Fig. 4) . In fact, a single basepair substitution of the 15 T by the canonical C or the 16 G by the canonical T produced a roughly two-fold increase in the binding affinity of EcRE 297 (Fig. 5) . The proximal Ddc regulatory region contains three elements that contribute to glial and epidermal expression. The two copies of an 11 bp glial-specific element, IIA and IIB, are required for activation and repression of Ddc, respectively, in these cells (Mastick and Scholnick, 1992) . Element III, a 9 bp sequence that is conserved between D. melanogaster and the distantly related D. virilis, includes half of EcRE 297 . Although element III partially overlaps element IIB, the point mutations that we introduced into element III did not change the sequence of element IIB nor the spacing between any of these regulatory motifs. These mutations reduced epidermal Ddc expression to the same extent as the EcRE 297 deletion (Fig. 7) , which removed both elements IIB and III. This indicates that IIB is not involved in hypodermal Ddc activation. The data in Fig. 7 indicate that despite two deviations from the consensus sequence, EcRE 297 is a functional EcRE. This is expected from the exact sequence conservation of the response element between the two sibling species, melanogaster and simulans. The receptor's weak binding affinity for EcRE 297 may explain why Ddc induction in vivo occurs at a high titer of ecdysone (Kraminsky et al., 1980) and requires Z2, a transcription factor encoded by BR-C O'Keefe et al., 1995) . We propose that the high peak of DDC activity observed at pupariation is mediated by the combined action of the ecdysone receptor, bound to EcRE 297 , and the BR-C protein, (Fig. 1A) . Tissues were dissected from early wandering larvae.
bound to a different site in the upstream Ddc region (in preparation). We propose an interaction based on the fact that BR-C contains a BTB/POZ domain in its N-terminal region (DiBello et al., 1991) . This evolutionarily conserved motif can both activate (Kaplan and Calame, 1997; Kobayashi et al., 2000) or repress (Deweindt et al., 1995; Chang et al., 1996; Seyfert et al., 1996; Deltour et al., 1999) transcription through its ability to mediate protein-protein interactions. These are usually homomeric but can involve BTB regions from two different proteins (Bardwell and Treisman, 1994) . The capacity for more extensive interactions is evident by the recruitment of members of the histone deacetylase complex (Dhordain et al., 1997; Hong et al., 1997; Grignani et al., 1998; Lin et al., 1998) and transcription factors (Pointud et al., 2001 ) to BTB domains. The crystal structure of the BTB domain from the human promyelocytic leukemia zinc finger (PLZF) protein reveals it to be a tightly intertwined dimer; however, an exposed groove is formed at the dimer interface 'suggestive of a peptide binding site' (Ahmad et al., 1998) . Since mutations in this charged pocket eliminated the repressive effects of its BTB domain on transcription (Melnick et al., 2000) , it is clear that the conformation of the pocket plays a role in the transcriptional properties of complexes containing BTB proteins. The interaction between a Drosophila BTB-containing protein and a possible co-activator of transcription, dTAFII155 (Pointud et al., 2001 ) makes our hypothesis of a co-activator role for BR-C in transducing the ecdysone signal plausible.
Previous work has suggested that all the regulatory elements essential for normal tissue-specific and temporally regulated expression of the Ddc gene are located very close to or within the gene . Transgenes retaining only 208 bp of 5 0 -flanking sequences and 1 kb of 3 0 -flanking sequences appeared to be expressed normally. However, no transgenic line containing more than 800 bp of upstream-flanking DNA was examined in this early work. The results in this paper show two regulatory domains controlling epidermal Ddc expression in mature larvae lie upstream of 800 bp. We have mapped a silencing element(s) between 22067 and 21427 bp. The cis-acting element through which BR-C acts has been mapped to a region upstream of the transcription start site between 21426 and 2383 bp (in preparation). The reason that transgenes truncated at 2208 bp appeared to be expressed normally is likely that the loss of the silencer compensated for the loss of the BR-C activating domain. This would have resulted in premature expression of Ddc in the epidermis and the imaginal discs as we observed in Fig. 8 . In virtually all of the early work, the determinations of Ddc activity were done on whole organisms, and the tissue distribution of the activity was not monitored. In line P[Ddc-lacZ]ET3, for example, we found approximately 55% of the Ddc-driven reporter activity in the whole body was located in the imaginal discs. In fact, evidence of premature ectopic expression in the imaginal discs was present in the early work. Some Ddc 5 0 D2209 strains, such as 24-16, had a significantly lower fraction of their total Ddc activity in the hypoderm than did the wild type . In addition, the observed over-expression of Ddc activity during embryogenesis in their report of the Ddc 5 0 D2209 strain, 24-44, might have been caused by premature activation rather than by the effects of chromosomal position, as supposed. The finding that the Ddc gene is actively repressed in both imaginal discs and the epidermis of third instar larvae is novel. In both cases, the repression is mediated by the same region of the upstream Ddc sequence, which suggests that a single trans-acting protein is involved in both tissues. Secretion by the imaginal discs of the chitin-containing pupal cuticle in vivo begins to occur 8 h after pupariation (Fristrom and Liebrich, 1986 ), or about 14 h after the ecdysone titer begins to increase in late third instar (Richards, 1980) . Repression of Ddc in the imaginal discs insures that the sclerotization pathway is not activated before disc eversion and secretion of the pupal cuticle has occurred. This repression could be relieved by the appearance of the ligand-bound receptor, formed as the result of a small peak of ecdysone that occurs 12 h after pupariation (Handler, 1982) . Repression of Ddc in the epidermis of early wandering larvae likewise insures that tanning and hardening of the cuticle of the third instar larva does not occur until after the wandering stage. Again, release from the repressed state might be triggered by the ligand-bound receptor that could only form as the ecdysone levels begin to rise midway through wandering. Of course, the interesting question of why Ddc repression is not relieved in the imaginal discs in response to the elevated ecdysone titer that is present at pupariation is, at present, unanswered.
The identity of the repressor also remains to be worked out. Because we do not observe any precocious induction in lines carrying the P[Ddc-lacZ]SH-DEcRE construct (data not shown), we conclude the repressor does not require an intact EcRE, but functions entirely through the upstream silencing element. In the absence of the silencing element, we see precocious activity irrespective of whether or not an intact EcRE is present (data not shown). From this we conclude that the precocious expression is produced independently of the ecdysone axis. This allows us to test whether USP functions as the repressor. It has been shown that in the wing disc of Drosophila, genes that are normally expressed later, such as b -Ftz-F1 and the Z1 isoform of the BR-C are expressed precociously in the absence of USP (Schubiger and Truman, 2000) . These results suggest a model in which a USP homodimer or the unliganded heterodimeric receptor acts as a repressor. We used a usp cDNA under the control of a heat-inducible promoter to rescue usp mutants past their early lethal phase (Hall and Thummel, 1998) . Rescued usp mutants fail to undergo puparium formation and deposit a supernumerary cuticle, indicating that a lack of usp function blocks the developmental responses to the ecdysone pulse at the end of the third instar. Crosses were made to generate usp and wild-type organisms carrying the P[Ddc-lacZ]SH reporter construct (Fig. 6A ) and early third instar larvae were stained for b-gal activity. No apparent staining was observed in the epidermal tissue or in any of the larval imaginal discs (data not shown) from which we conclude that usp does not function as a repressor for Ddc transcription. However, it is possible that the role could be fulfilled by another nuclear receptor. One candidate is DHR38, which can heterodimerize with USP and silence transcription (Sutherland et al., 1995) . Currently we are testing a number of orphan receptors, including DHR38, for their ability to bind to the silencing region.
Materials and methods
Drosophila crosses
The EcR mutations used in this study were isolated and characterized by Bender et al. (1997) ) and wild-type sibling organisms. The presence or absence of the CyO, y 1 chromosome was determined from the coloration of the larval mouthparts. The larvae were raised on standard cornmeal agarose, supplemented with 0.05% bromophenol blue, which allows staging of organisms that have climbed out of the food (Maroni and Stamey, 1983) . In our hands, larvae began to pupariate 2.5 h after clearing their guts of the blue food.
RNA manipulations
RNA was extracted from pools of six organisms using TRIzol reagent (Invitrogen) according to the manufacturer's protocol. The RNA was treated with DNase I (Amersham Pharmacia Biotech) and transcribed using Superscript II (Invitrogen) at 458C for 60 min. Synthesis of the Ddc-specific first strand cDNA was initiated by using a primer (5 0 -AATCGCTCCACTCAGCATGT-3 0 , 12387 to 12368 bp).
The reactions were co-transcribed along with a primer for the rp49 mRNA (5 0 -CTTCTTGAGACGCAGGCGA-3 0 ) to allow for normalization of sample-to-sample variation. The cDNAs were combined with the Ddc-specific primer pair (5 0 -GCCAAGCGCACAGCAATCAG-3 0 , 116 to 135 bp;
and 5 0 -ATGACTCGCTC-GATGTCCTG-3 0 , 12284 to 12265 bp) and amplified for a total of three cycles. The program was then paused, the rp49-specific primer pair (5 0 -AGCATACAGGCCCAAGATCG-3 0 and 5 0 -AGTAA-ACGCGGGTTCTGCAT-3 0 ) was added to the PCR reaction mixture, and the program then run to completion. The final PCR reaction conditions were as follows: one cycle of 958C for 3 min, 628C for 1 min, and 748C for 2 min; 23 cycles of 948C for 1 min, 628C for 1 min, and 748C for 2 min.
DNA sequencing
Genomic DNA from D. simulans was amplified using Ddc-specific primers from D. melanogaster (5 0 -GGGAAG-CACGTGAGCAGAAT-3 0 , 2398 to 2379 bp; and 5 0 -CTTTTAAAGCCCGTCCAGCA-3 0 , 225 to 244 bp). The PCR product was subcloned into the pGEM-T Easy vector (Promega) and sequenced.
Plasmid construction
All the plasmids that we used were derivatives of P{CaSpeR-AUG-b-gal} which carries a lacZ reporter gene in a translational fusion with a fragment from the Adh gene that excludes the promoter and transcription initiation site (Thummel et al., 1988) . Fragments from the Ddc genomic region that included its transcription start site were cloned into this vector. The extent of the Ddc region driving lacZ expression in these vectors is shown in Fig. 6 . First, the ScaI-HpaI fragment (see Fig. 6A ) was isolated and cloned into the EcoRV site of pBluescript SK(1) (Stratagene). It was released using the BamHI and KpnI sites in the polylinker and directionally subcloned into pP{CaSpeR-AUG-b-gal} to generate P[Ddc-lacZ]SH. The construct, P[Ddc-lacZ]RH, was made by cutting P[Ddc-lacZ]SH with EcoRI and re-circularizing the largest fragment. To make P[Ddc-lacZ]BH, the recombinant pBluescript SK(1) carrying the ScaI-HpaI fragment was doubly digested with SmaI (which cuts in the polylinker) and BsmI (which cuts the 5 0 -Ddc region at two closely spaced sites). The largest fragment was recovered, blunt ended with T4 DNA polymerase (Invitrogen) and re-circularized. The desired fragment was released from this plasmid as a BamHI-KpnI fragment and subcloned into P{CaSpeR-AUG-b-gal}, generating P[Ddc-lacZ]BH. The reporter plasmid carrying BsmI-EcoRI deletion within the ScaIHpaI fragment (P[Ddc-lacZ]SH-DBR, Fig. 6A ) was created by inverse PCR using the ScaI-HpaI insert in pBluescript SK(1) as the template and primers: 5 0 -AAGTATTTCTC-CGCTTATAGG-3 0 (21427 to 21446 bp) and 5 0 -GGAAG-CACGTGAGCA-GAAT-3 0 (2398 to 2379 bp).
The second set of constructs (Fig. 6B ) all shared a common 5 0 -terminus at the EcoRV site (2208 bp). The
Ddc fragment in P[Ddc-lacZ]ET was first cloned into the pGEM-T vector by PCR amplification of pDdc23, a plasmid containing the 7.6 kb PstI genomic sequence known to be sufficient for proper developmental expression of Ddc (Scholnick et al., 1983) . The two primers we used were 5 0 -CGGGATCCAATGCCTTTGATATCCAGTTAC-3 0 (forward) and 5 0 -CGGGATCCTCGAATGGTTAGAGC-TAATATG-3 0 (reverse). BamHI recognition sites (italicized in both primers) were included to facilitate subsequent removal of the fragment from pGEM-T and insertion into the P{CaSpeR-AUG-b-gal} reporter vector to create P[Ddc-lacZ]ET. A reporter construct containing a deletion of the presumptive EcRE element within this fragment (P[Ddc-lacZ]ET-DEcRE, Fig. 6B ) was made using the above primer pair to amplify p148, a plasmid that contains a 5 0 -Ddc upstream region with an internal deletion from 297 to 283 bp (Mastick and Scholnick, 1992) . P[DdclacZ]SH-DEcRE (Fig. 6A) Fig. 6B ) was created by inverse PCR using the EcoRV-TaqI Ddc insert in pGEM-T as the template and primers: 5 0 -TTAAACGAATCGCAGCCGCT-GTCGT-AAAAA-3 0 and 5 0 -CAGCGGCTGCGGACTGC-GAT-3 0 . The sequence of the mutated element is italicized and replaced the sequence 5 0 -AACTT-3 0 found in the wild type. All constructs generated by PCR were confirmed by direct sequencing.
Gel mobility shift assay
Receptor protein was generated in vitro from the expression vectors CMX-EcR-B1 and CMX-USP (Yao et al., 1992 ) that were used as templates for coupled transcription/translation in a rabbit reticulocyte lysate (Promega). One microgram of template was added to a final reaction volume of 50 ml according to the manufacturer's instructions. The translated proteins were incubated with binding buffer, which contained 100 mM KCl, 7.5% glycerol, 20 mM HEPES (pH 7.5), 2 mM dithiothreitol and 0.1% NP-40, on ice for 20 min in the presence of 2 mg of nonspecific competitor poly(dI-dC) and other oligonucleotide competitors as indicated in the text. Oligonucleotides used as either substrates or competitors in the binding reactions were obtained by annealing the single stranded sequences shown in Fig. 3A to their complementary strands (Antoniewski et al., 1993) . Their concentration was determined by staining with ethidium bromide and photographing under UV light (Sambrook et al., 1989) . Approximately 1 ng of the 32 P end-labeled DNA fragment (10 8 cpm/mg) was added to the receptor protein mixture and the binding reaction was allowed to proceed at room temperature for 20 min. The reaction was then loaded on a 4% non-denaturing polyacrylamide gel in 0.5X TBE running buffer. After electrophoresis, the gel was dried for autoradiography. Quantitative analysis of protein-DNA complexes was performed by cutting out the band from the gel and counting in an aqueous scintillation cocktail. The amount of binding was expressed as a percentage of the amount of bound probe detected in a gel slice from a lane onto which a control binding reaction, with no competitor added, was loaded.
Germline transformations
Injections were carried out according to standard procedures (Rubin and Spradling, 1982) with slight modifications. Embryos (0-1 h) of the y w genotype were collected from 2% agarose plates smeared with live yeast paste and then dechlorionated for 45-60 s using 50% Javex bleach. A DNA mixture of 10 mg of each construct and 2 mg of the D2-3 helper vector was precipitated and dissolved in 10 ml of water, prior to injection. All the needles used for injections were pulled using a Sutter Instrument Co. Model P-87 Fleming/Brown micro-pipette puller.
4.7. Histochemical assays lacZ staining was carried out according to Bellen et al. (1989) with slight modifications. The integument and the imaginal discs were dissected in phosphate-buffered saline (PBS) (140 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH 7.4), fixed in 0.75% glutaraldehyde for 15 min and then washed three times in PBT (PBS containing 0.05% Triton X-100). Staining solution (10 mM sodium phosphate pH 7.2, 150 mM NaCl, 1 mM MgCl 2 , 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide and 0.1% X-gal in N,N-dimethylformamide) was prepared fresh daily and then added to the dissected tissues and allowed to stain for 2 h at 378C. The tissues were then washed three times in PBT and mounted in 80% glycerol. To measure b-galactosidase activity on crude extracts, three to four organisms were homogenized in 0.15 ml of 50 mM potassium phosphate, pH 7.5, 1 mM MgCl 2 , 0.01 mM DTT. The extracts were cleared by centrifugation. Reactions were carried out by incubating 25 ml of extract, 180 ml ONPG solution (0.4% ONPG in homogenization buffer) at 378C for 60 min. The reactions were stopped by adding 0.6 ml of 1 M Na 2 CO 3 . The optical density readings at 420 nm were compared with those produced by substituting 180 ml of homogenization buffer for the ONPG solution in control reactions.
